An experimental in vivo model of aortic aneurysm was established by perfusing an isolated segment of rat abdominal aorta with pancreatic elastase. Ten rats were used in each protocol. Saline-perfused aortas 
The abdominal aorta was clamped at the level of the left renal vein and ligated around the catheter 1 cm downstream. This isolated 1-cm segment of abdominal aorta was then perfused with 2 ml of the appropriate test solution (rate, 1 ml/hr) from the lumen to the adventitia through the media. At the end of perfusion, the aorta was unclamped, the ligature and the catheter removed, the femoral artery ligated, and the aortic permeability verified. The wounds were closed, and the rats were returned to their cages. Animals were killed 3 weeks later.
Morphology
Rats were anesthetized as above, and a laparatomy was performed 3 weeks after surgical preparation of the model. The macroscopic appearance of the abdominal aorta was noted, and a PE20 polyethylene catheter (Clay Adams) was introduced into the aorta through the aortic bifurcation. The aorta was clamped above the left renal vein. Duboscq Brazil fixative solution was then perfused at a pressure of 120 mm Hg, and the vena cava was incised to prevent overpressure. The whole abdominal aorta was then removed and embedded in paraffin for classic histological examination. Longitudinal 5 -,im sections were stained with orcein for elastic tissue and with Masson trichrome for collagen fibers, fibrin, and nuclei.
The length of elastic disruption and the developed length of the aneurysmal dilation were measured on each section under an optical microscope by a morphometric method (Nachet Vision) (Figure 1 Macrophage activation within the aortic media. Two protocols were tested: perfusion of the aorta with thioglycollate-activated macrophages (10 rats) and perfusion of the aorta with thioglycollate alone to induce in situ macrophage activation (10 rats).
Rat peritoneal macrophages were obtained by peritoneal lavage with phosphate-buffered saline containing 100 units heparin/ml; lavage was performed 4 days after intraperitoneal injections of 15 ml of 3% thioglycollate medium (Institut Pasteur, Paris France).16 Macrophages were isolated by centrifugation after hypotonic lysis of erythrocytes and resuspended in physiological saline solution (2 ml).
The time course of the elastolysis induced by macrophage activation was studied in 30 rats that had been perfused with thioglycollate alone and killed (n-3) 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 days after perfusion. The perfused aortas were then examined for elastolysis.
Plasmin. Ten rats were perfused with 1 (five rats) or 2 (five rats) units plasmin (from porcine blood, [3] [4] [5] units/mg, Sigma Chemical Co.) and were killed 3 weeks later.
Ten rats were perfused with an infra-aneurysmal amount of hog pancreatic elastase ( (Figure 5 ). The length of elastic tissue disruption was similar to that produced by 3 units pancreatic elastase or chymotrypin.
The time course of elastolysis in thioglycollateperfused aortas was studied in rats killed at regular intervals. The aortic wall was not significantly different from that of control aortas up to day 5. The structure of the aortic media was unchanged on day 7, but many macrophages were present in the adventitia. The media was completely invaded by many activated macrophages on day 9. Almost all the elastic tissue in this area was lysed in the vicinity of inflammatory granuloma ( Figure 6 ).
Role of Plasmin
The elastic tissue of the media was intact after perfusion with 1 or 2 units of plasmin, and the 5 lamellar units were conserved. The macroscopic and microscopic appearance of the plasmin-perfused aorta was similar to that of control aortas.
All the aortas perfused with small amounts of pancreatic elastase (1 unit All the aortas perfused with thioglycollate plus plasmin (2 units) developed macroscopic aneurysms (> 1,500 pm) with microscopic and slight diffusion of elastic tissue lesions.
Quantification of Elastase Activity
All 10 aortas perfused with thioglycollate plus plasmin had significantly higher elastolytic activity (207.6±54.8 pg of lysed elastin-rhodamin/18 hr) than did the 10 saline-perfused control aortas (25.43± 11.13 ,pg) (p<0.001) 9 days after perfusion.
Discussion
These experimental data with previous clinical results10-13 suggest that elastolytic activity plays a major role in aneurysm formation. Elastolytic activity has also been shown to be involved in the pathogenesis of pulmonary emphysema. 18 Janoff and Scherer19 proposed that connective tissue can be damaged by leukoproteinase. The suggestion that elastase activity from neutrophils promotes lung emphysema stimulated considerable research on elastase and its pathophysiological role in connective tissue disease and its inhibition by ca1-protease inhibitor. This was supported by animal experiments indicating that only elastolytic enzymes were able to produce experimental emphysema.20 Even though pathogenesis of emphysema is not superficially closely related to the pathogenesis of aortic aneurysm, emphysema remains a good model for studying the relation between the extracellular matrix (particularly elastic tissue) and the occurrence of elastolytic activity and can shed new light on the pathophysiology of aneurysm. 18 The present experimental models of aortic aneurysm have all shown a failure of the medial elastin network. The mutation on the X chromosome of the Blotchy mouse induces a defect in intestinal copper absorption. Systemic copper deficiency leads to a dysfunction of lysyl oxydase, an enzymatic activity that affects the cross-linking of elastin and collagen fibrils. As describe above, Blotchy mice develop aneurysmal dilation of arterial wall3 and pulmonary emphysema. 21 The incidence of aneurysm in Blotchy mice increases with age, reaching 100% by 6 months. 22 The anatomic variation in the sites of aneurysm formation and their basic histological structure have been determined. 3 The progression to a markedly degenerated wall with aneurysm formation is gradual, with increasing infiltration of inflammatory cells and a progressive loss of elastic tissue.
Other models of spontaneous dissecting aneurysm are more difficult to interpret in terms of their pathophysiology. The turkey has provided another frequently studied model. Certain strains, such as the Broad-Breasted-Bronze and the Broad-white,23,24 have high blood pressure and early atheroma formation, which are lesions that occur before aneurysmal ruptures of the aorta. Most aneurysms in poultry occur in the abdominal aorta and are associated with cystic medial degeneration. It was suggested that these lesions result from defective nutrition of the aortic wall, which lacks a vasa vasorum. 25 The stallion has also been used as a model of spontaneous aortic aneurysm. There is medial degeneration at the level of the aortic ring, leading to aortic rupture.26 These models, which are more the result of dissection than true aneurysm, nevertheless show defects in the structure of the extracellular matrix within the media of the aortic wall, whatever the initial mechanism.
Economou et a14 first produced provoked experimental aortic aneurysms in the dog by intramedial injections of toxic acetrizoate. 4 The same investigators developed another model by surgical resection of 70% of the aortic media. 4 Gertz et a17 produced an experimental model of arterial dilation of the rabbit common carotid artery by periarterial application of calcium chloride in vivo. There was progressive focal arterial dilation, limited to the site of calcium application. The calcium-elastic tissue complex was the focus of an inflammatory infiltrate including neutrophils, lymphocytes, monocytes, and multinucleated giant cells. This recent study suggested that the interaction of calcium with elastic fibers is an important pathogenic factor in initiating an inflammatory response and developing arterial dilation.
Yokoyama et a15 developed an experimental model of aortic aneurysm by administering theophylline or caffeine to embryonic chicks. Microscopic examinations revealed thinning of the media due to a marked decrease in the number of medial cells, with a widened intercellular space and fragmented, dispersed elastic and collagen fibers. This model suggests that aneurysm formation is due to hypoplasia of the arterial wall resulting from inhibition of smooth muscle cell proliferation and of the secretory function of extracellular matrix components.
Most of these spontaneous and provoked aneurysms showed a deficiency in the elastin network structure, but they were models very different from the possible pathophysiology of acquired aneurysm in humans. Clinical investigations suggest that there is an increase in elastase activity.10-13 The present model demonstrates, as do others, that the destruction of elastin network within the medial layer is a necessary step in the genesis of aneurysmal dilation.
The perfusion of an isolated 1-cm segment of aorta probably caused injury of the aortic wall by hypertension and stretch. But rupture of the aortic wall never occurred with this model. The clinical restriction of aneurysm in patients to arterial area exposed to repeated external or internal stress (terminal abdominal aorta and femoral and popliteal artery) suggests that injury of the arterial wall contributes to aneurysmal dilation. This is supported by the experimental data of Bomberger et al, 27 showing the effect of medial injury and of a hyperlipidemic diet on the genesis of aneurysm in rabbits. Nevertheless, despite the wall stress that occurred in our model, perfusion of saline or molecules without direct elastolytic activity, such as plasmin, did not induce aneurysmal dilation. Therefore, injury of the arterial wall without elastase activity is not sufficient to induce elastolysis and aneurysmal dilation.
In our model, hog pancreatic elastase destroyed the elastin network within the media and, thus, induced macroscopic aneurysm. We have attempted to induce aneurysmal dilation by incubating the external part of the aorta (after dissection and clamping) with elastase (data not shown). This manipulation induced neither elastolysis in the media nor aneurysmal dilation. Hence, elastase activity and the media layer of the aortic wall in the elastolytic process must be involved in the induction of an aneurysmal dilation.
Elastolysis is not specific to pancreatic elastase. Other proteolytic enzymes, such as papain, trypsin, chymotrypsin, and collagenase, which are not elastin specific but also attack insoluble elastin, can also induce elastic disruption and small aneurysmal dilatation.
Clinical investigations10-'3 have shown that the size of and prognosis for aneurysms are proportional to the elastase activity within the aortic wall. In our experimental model, the extent of elastin destruction and the appearance of microscopic and macroscopic lesions were related to the amount of perfused elastase. Although the elastase activity in the pathophysiology of acquired aneurysmal dilation cannot be compared with a simple model of pancreatic elastase perfusion, this pharmacological manipulation confirms that elastase activity, whatever its origin, can cause destruction of the elastin network and, hence, aneurysmal dilation.
Macrophage activation was induced with thioglycollate to provoke in situ elastase secretion as in the probable pathophysiology of acquired aneurysm. classic neutrophil-derived soluble elastase that is sensitive to protease inhibitors and the macrophagemediated breakdown that is largely cell associated and relatively resistant to inhibitors. Human neutrophils produce a serine proteinase that is active at neutral pH and has marked elastolytic capability. The enzyme has been purified and characterized. 29, 30 Neutrophil elastolytic activity depends on the secretion of soluble enzymes that are more readily inhibited by soluble protease inhibitors. This dependence on soluble elastase for elastin degradation can explain the absence of direct contact between elastin and neutrophils.
Murin macrophages contain three elastinolytic proteinases: a macrophage-synthesized metalloprotease, a serine protease that is probably neutrophil elastase internalized by the macrophage, and a cellsurface thiol-protease.16,31 The metalloenzyme is synthesized in small amounts but it secreted into the medium and is resistant to inhibition by the serum. By internalizing neutrophil elastase, the macrophage protects this enzyme from a1-protease inhibitor and carries it to sites of inflammation. Resident macrophages adhere to the extracellular matrix. As shown by in vitro experiments,32-35 elastase inhibition by surrounding inhibitors is impaired when the cells are in close contact with the substrate. The macrophage surface-associated thiol-protease is a very efficient elastase when the cells contact the substrate because the elastinolytic reaction is not inhibited by serum elastase inhibitors. 36 Chapman et a136 observed that elastin degradation by cells in contact with the substrate was 10-30-fold higher than degradation by cells in the same culture that were physically separated from elastin.
Our model confirms, in vivo and in the arterial wall, that passive transfer of activated macrophages or direct activation of macrophages within the aortic wall by thioglycollate can induce "in situ" elastolytic activity. The elastolytic activity of macrophages seems to be limited to the vicinity of inflammatory cells as in "in vitro" studies. Nevertheless, induction of macrophage activation within the arterial wall can induce limited elastolysis areas and some aspects of aortitis without true aneurysm. This experimental result can probably be explained by insufficient elastolytic activity associated with the activated macrophages.
In vitro studies have demonstrated that plasmin can cooperate with elastolytic activity.33 Latent collagenase and plasminogen activator are also secreted by macrophages. These proteinases may act in cooperation to cleave elastin fibers in vitro.37,38 Werb et a133 and Jones and Werb34 examined the degradation of metabolically labeled extracellular matrix rich in elastin, glycoprotein, and collagen by intact thioglycollate-induced activation of macrophages cultured on the matrix. They observed that plasmin accelerated elastin degradation by macrophages only when the matrix contained glycoproteins. They concluded that the role of plasmin was to eliminate matrix protein that restricted the interaction of macrophage elastase with the matrix elastin. Chapman et a136 also observed a similar phenomenon. Human alveolar macrophages cultured on matrix containing a mixture of fibrin and elastin only degraded the elastin in the presence of plasmin. Banda and Werb31 reported that macrophages secrete up to 80% of their elastase in a latent form that can be activated by sodium dodecyl sulphate, whereas Chapman et a136 suggested that plasmin can also activate latent macrophage elastase activity in the presence of elastin. Plasmin can cooperate with elastase activity either by attacking matrix glycoproteins or by activating a pro-elastase.
All the above "in vitro" studies indicate that elastin degradation is a cooperative process involving multiple proteinases.39 Plasmin and elastase are especially effective in degrading insoluble elastin. Plasmin alone has no measurable effect on purified insoluble elastin. Serum and serum-derived tissue proteinase inhibitors can localize elastase activity in the vicinity of the cell surface.
Our model provides in vivo confirmation of the cooperation between elastase and plasmin in the degradation of the elastin network. A low concentration of elastase, which did not induce aneurysmal formation alone, induced aneurysm in the presence of plasmin. These results demonstrate that plasmin can facilitate the interaction between elastase and its insoluble substrate in vivo, whereas plasmin has no direct elastolytic activity. Plasmin also cooperated with elastase activity from in situ activated macrophages in our model. Thioglycollate-activated macrophages only induced elastolysis area in the elastin network and produced an appearance of aortitis, without true aneurysm. Similar manipulations in the presence of plasmin, which had no direct elastolytic activity, induced an aneurysm in all cases.
This point is very important in the pathophysiological evolution of a human aneurysm toward rupture because fibrinoid thrombus is always present in aneurysms. But neither in vitro data nor the present in vivo results define the role of fibrinoid thrombus in the evolution of aneurysm. Fibrin induces fibrinolytic activity, which can cooperate with elastolytic activity.
Our morphological results have been confirmed by measurements of elastolytic activity within the aortic wall of rats perfused with thioglycollate plus plasmin. A proteinase can be considered an elastase if it can solubilize mature cross-linked elastin. Several proteinases having different catalytic sites can do this. The elastolytic property of a given proteinase, therefore, cannot be predicted from its ability to cleave a synthetic substrate or even a soluble elastin derivative. Its action must be verified experimentally on insoluble elastin. Hence, insoluble elastin must be used to quantify the "elastase activity" of cell or tissue extracts. Of course, once a proteinase has been shown to possess elastinolytic activity, any convenient artificial substrate may be used to study the enzyme.
Elastin covalently labeled with rhodamine-,8-by guest on September 16, 2017 http://circ.ahajournals.org/ Downloaded from isothiocyanate was used in this study because it is a very sensitive substrate and because its soluble breakdown products are readily quantified.17 We confirmed that activated macrophages plus plasmin can induce a very significant attack on insoluble elastin.
In conclusion, the present experimental model of in vivo aortic aneurysm in the rat has provided evidence indicating that the presence of elastolytic activity within the aortic media can induce aneurysm development. Other proteases can also attack the elastin network and induce aneurysmal dilation. There is a quantitative relation between perfused elastase and aneurysm formation. Activated macrophages within the aortic media may be responsible for the secretion of elastase and for elastolysis, and plasmin enhances macrophage elastolytic activity in vivo.
